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BACKGROUND 

[0001] The present invention relates to integrated 
circuit, and more particularly, to integrated circuits 
for controlling audio signals. 

[0002] Some electronic appliances include sophisticated 
audio circuitry and speakers to generate music, voice, 
and other refined audio signals. However, for many 
other appliances, generation of such refined audio 
signals is not necessary. For example, printers, 
copiers, microwave heaters, and washing machines 
typically require little more than simple audio 
circuitry to generate rudimentary sounds such as beeps 
to alert its operators of certain conditions such as 
termination of operation or abnormal operations. 

[0003] Figure 1A is a simplified schematic illustration 
of an appliance 10 (a printer, for example) configured 
to generate rudimentary sounds. In the Figures, 
relative sizes of various components, structures, or 
portions are exaggerated for illustrative purposes and, 
thus, are provided to illustrate the general structures 
and configurations of the subject of the Figures. 

[0004] The appliance 10 includes various electro- 
mechanical components for performing its function (for 
printing in the present example) . The electro- 
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mechanical components are illustrated as a box 12 and 
can include, for the present example, rollers, heaters, 
laser, and sensors. Typically, the electro-mechanical 
components 12 are connected to and are controller by an 
integrated circuit chip (IC) 20. The IC 20 is often 
implemented using an Application-Specific Integrated 
Circuit (ASIC) chip that includes, within the single 
chip, a processor and memory. The ASIC 20 is a digital 
circuit chip programmed to control the operations of 
the appliance 10 including generations of sounds from a 
speaker 14 . 

[0005] The speaker 14 is an analog device and it requires 
an analog audio frequency input signal for operation. 
Accordingly, an amplifier subsystem 3 0 is used to drive 
the speaker 14. The amplifier subsystem 30, is, in 
turn, controlled by inputs from the ASIC 20. This 
configuration is illustrated in more detail in Figure 
IB. Figure IB illustrates portions of the appliance 10 
of Figure 1A in greater detail. In the illustrated 
example, the ASIC 2 0 includes an audio square-wave 
signal generator 22 providing audio square-wave signals 
and a volume control circuit 24 providing volume 
control signals. The audio square-wave signals are 
sent to the amplifier subsystem 30 via a first pin 21 
of the ASIC 20. The volume control signals, each a 
binary digit, are sent to the amplifier subsystem 30 
via a second pin 23 and a third pin 25. The ASIC has 
additional pins 27 connecting to other parts of the 
appliance 10 including, for example, the electro- 
mechanical components 12. For clarity, only relevant 
parts of the ASIC 20 are illustrated or discussed 
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herein. 

[0006] The first pin 21 (carrying the audio frequency 

square-wave signals) is connected to a resistor- 
capacitor (RC) filter 32 portion of the amplifier 
subsystem 30. At the RC filter 32, the audio square- 
wave signals are filtered for reduction of harmonic 
frequency components. The filtered audio signal is 
then forwarded to a programmable gain amplifier 34 
portion of the amplifier subsystem 30. The 
programmable gain amplifier 34 has two major parts - a 
fixed gain amplifier 36 and a gain control circuit 38 
connected to the fixed gain amplifier 36. 

[0007] The second pin 23 and the third pin 25 are 
connected to a programmable gain circuit of the 
programmable gain amplifier 34 which determines the 
level of gain, if any, the fixed gain amplifier 36 
applies to the RC filtered audio signal. Finally, the 
amplified signal is sent to the speaker 14. Here, two 
binary signals of the volume control signals allow for 
four volume controls - one zero (off) volume, and three 
levels of on volume. 

[0008] To provide additional levels of volume control, 
additional signal lines (thus pins of the ASIC) are 
needed. However, in some applications, additional pins 
may not be available. In fact, it would be desirable 
to reduce the number of pins required to drive an audio 
circuit . 

[0009] Accordingly, there remains a need for a method and 
apparatus for controlling volume of an audio output 
while using reduced number of pins for volume control 
signals . 
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SUMMARY 

[0010] The need is met by the present invention. 
According to a first embodiment of the present 
invention, an integrated circuit (IC) chip includes a 
square -wave audio signal generator, a counter, and a 
register. The square-wave audio signal generator is 
adapted to generate square -wave signals at audio 
frequencies. The counter is adapted to digitally count 
from zero to a predetermined number. The register is 
adapted to hold a volume control value. The IC chip 
further includes a comparator and an AND gate . The 
comparator is connected to the counter and also 
connected to the register. The comparator is adapted 
to compare the count with the volume control value and 
produce a modulation signal. The AND gate is connected 
to the square-wave audio signal generator and connected 
to said comparator. The AND gate is adapted to 
combine, in a logical AND operation, the audio 
frequency square-wave signal with the modulation 
signal . 

[0011] In a second embodiment of the present invention, a 

method of generating modulated square-wave audio signal 
is disclosed. First, a square-wave audio signal having 
a first audio frequency is generated. Then, a 

predetermined range of values is repeated counted, thus 
generating count signals. Next, the count signal is 
modulated with a volume control signal resulting in 
modulation signals. Finally, the square-wave audio 
signal is modulated with the modulation signal . 
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[0012] In a third embodiment of the present invention, an 
apparatus is disclosed. The apparatus includes an 
integrated circuit (IC) chip adapted to generate a 
modulated audio frequency square -wave signals and an 
amplifier subsystem connected to the IC chip. The 
amplifier subsystem is adapted to filter the modulated 
square-wave audio signal and to amplify the filtered 
audio signal . 

[0013] Other aspects and advantages of the present 
invention will become apparent from the following 
detailed description, taken in conjunction with the 
accompanying drawings, illustrating by way of example 
the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Figure 1A is a simplified schematic view of- a 

prior art apparatus; 
[0015] Figure IB is a more detailed view of portions of 

the prior art apparatus of Figure 1A; 
[0016] Figure 2A is a simplified schematic view of an 

apparatus according to one embodiment of the present 

invention; 

[0017] Figure 2B is a more detailed view of portions of 

the apparatus of Figure 2A; 
[0018] Figure 3 is a sample audio frequency square-wave 

signal ; 

[0019] Figure 4A through 4C illustrate possible 

modulation signals; and 
[0020] Figure 5A through 7B illustrate signals at various 

points within an apparatus of Figures 2A and 2B under 
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differing configurations of the apparatus. 



DETAILED DESCRIPTION 

[0021] The present invention will now be described with 
reference to Figures 2A through 6D, which illustrate 
various embodiments of the present invention. As 
illustrated in the Figures, relative sizes of various 
portions, structures, or any combination of these are 
exaggerated for illustrative purposes and, thus, are 
provided to illustrate the general structures of the 
present invention. 

[0022] As shown in the Figures for the purposes of 
illustration, one embodiment of the present invention 
is exemplified by an apparatus, for example a printer. 
The apparatus includes an integrated circuit (IC) chip 
connected to an amplifier subsystem. Here, the IC is 
adapted to generate a modulated square-wave audio 
signal. The modulated square-wave audio signal is 
connected to the amplifier subsystem via only one pin. 
The modulation of the square-wave audio signal allows 
for the control of volume level of the audio signal . 
Accordingly, only one pin of the IC is needed to send 
the audio signal and the volume control signal to the 
amplifier subsystem. This is a reduction in the number 
of pins of the IC needed to deliver the audio signal 
and the volume control information compared to the 
prior art designs. The reduction in the number of 
required pins allows for use of less expensive IC 
chips . 

[0023] Furthermore, an additional benefit is realized for 
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the apparatus embodying the present invention. In the 
present invention, the modulation of the square-wave 
audio signal allows for the control of volume level of 
the audio signal; thus, separate volume control signals 
are not generated by the IC chip. For this reason, the 
amplifier subsystem of the present invention does not 
require the gain control circuit 38 of Figure 1. 

[0024] The reduction in the number of required pins of 
the IC chip and reduction in the components and 
functions of the amplifier subsystem lead to lower 
costs and increases in reliability of the apparatus. 

[0025] Figure 2A is a simplified schematic view of an 
apparatus 5 0 according to one embodiment of the present 
invention. Figure 2B is a more detailed view of 
portions of the apparatus 50 of Figure 2A. The 
apparatus 5 0 can be any type of electronic appliances 
such as, for example only, a printer, a copier, a 
microwave heater, or a washing machine. In the present 
example, the apparatus 50 can be a printer. 

[0026] The printer 50 of Figures 2A and 2B includes 

components that are similar to corresponding components 
of the printer 10 of Figures 1A and IB. For 
convenience, components in Figures 2A and 2B that are 
similar to corresponding components in Figures 1A and 
IB are assigned the same reference numbers. Different 
components are assigned different reference numbers. 

[0027] Referring to Figures 2A and 2B, the printer 50 

includes an integrated circuit (IC) chip such as, for 
example, an Application-Specific Integrated Circuit 
(ASIC) 60. The ASIC 60 is adapted and configured to 
generate a modulated square-wave audio signal as 
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discussed below. The ASIC 60 is connected to an 
amplifier subsystem 80 adapted to filter the modulated 
square-wave audio signal and to amplify the filtered 
audio signal. 

[0028] The ASIC 60 includes a square-wave audio signal 
generator 22 adapted to generate square-wave signals at 
audio frequencies. For example, the square-wave audio 
signal generator 22 can generate audio square-wave 
signals at two KHz. In general, the square-wave audio 
signal generator 22 can be configured to produce 
anywhere from 500 Hz to five KHz. Figure 3 illustrates 
audio frequency square-wave signal 29 at two KHz. For 
convenience, the same reference number 2 9 is used to 
refer to output line 29 of the square-wave audio signal 
generator 22 as well as the audio frequency square-wave 
signal 2 9 carried by the square -wave audio signal 
generator output line 29. At two KHz, the period 2 9p 
of the audio frequency square-wave signal 29 is 0.5 
milliseconds (ms) . The audio frequency square -wave 
signal 29 of Figure 3 and other digital signals in 
subsequent Figures are illustrated as having a first 
state (zero) at zero volts and a second state (one) at 
three volts. This is for example only, and the actual 
voltage values for digital signals vary widely 
depending on implementation. 

[002 9] The ASIC 60 includes a counter 62 adapted to 

digitally count from zero to a predetermined number. 
The predetermined number depends on the number of bits 
used to implement the counter 62. For example, if 
five-bit counter is used, then the counter 62 has 32 
states (2 to 5 th power) and able to repeatedly count 32 
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numbers from zero to 31. The counter 62 operates at 
some frequency higher than the frequency of the audio 
square-wave signal 29. The counter 62 can operate at a 
counter frequency on the order of MHz , for example, one 
MHz. Operating at one MHz, then, the counter 62 
continues to generate, at its output line 63, one in 
the sequence of numbers from zero to 31, one number 
every microsecond. The sequence repeats every 32 
microseconds. The counter 34 has a fundamental 

frequency of 31.25 KHz. That is, the counter 62 cycles 
through the 32 numbers 31,250 times per second. This 
is above audio frequency. 

[0030] The ASIC 60 includes a register 64 adapted to hold 
a volume control value. The size of the register 64 is 
typically the same as the size of the counter 62 . In 
the present example, the register 64 can be five bits 
wide adaptable to hold any value between zero to 31 
inclusive. The register 64 is often referred to as a 
pulse width register because its value determines width 
of a modulation signal as discussed further below. The 
register outputs volume control signal, or value, 65. 
The register 64 can be set to any one of the available 
values of the count 63 . 

[0031] The counter 62 and the register 64 are connected 
to a comparator 66. The comparator 66 is adapted to 
compare the count 63 with the volume control signal 65 
and produce a modulation signal 67. 

[0032] The comparator 66 can be configured to perform 
many different compare operations on the count 63 and 
the volume control value (VCV) 65. Some of the 
possible operations are, for example, compare for: 
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count 63 < volume control value 65; 
count 63 <= volume control value 65; 
count 63 > volume control value 65; 
count 63 >= volume control value 65; 

where 

< is less than; 

<= is less than or equal to; 

> is greater than; and 

>= is greater than or equal to. 

[00 33] For example, in one embodiment, the comparator 66 
is configured to perform the count 63 < volume control 
value 65 operation, and the volume control value 65 is 
set at eight. Then, as the counter 62 cycles through 
the numbers zero to 31, the comparator 66 compares the 
count 6 3 against the volume control value 6 5 of eight. 
When the count 65 is less than eight (that is when the 
count 63 is zero to seven) , the modulation signal 67 is 
at a first binary value (for example, "on"). The 
modulation signal 67 is at a second binary value (for 
example, "off") when the count 63 is equal to or 
greater than eight. As already discussed above, the 
count 63 cycles every 32 microseconds (one microsecond 
per count) having a frequency of 31.25 KHz. Thus, the 
period of each count cycle is 32 microseconds in the 
present example of one MHz operation for the counter 
62 . 

[0034] Since the count 63 is less than eight for eight 
counts (zero to seven) and greater than or equal to 
eight (eight to 32) for 24 counts, the modulation 
signal 67 is at the on-state (or is on "duty") for 
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eight microseconds and is at the off-state (is off 
"duty") for 24 microseconds of each cycle of 32 
microseconds. This is illustrated as a quarter-duty 



Figure 4A, each count cycle defines a modulation period 
67p of 32 microseconds. As illustrated, the quarter- 
duty modulation signal 67a includes an on-duty portion 
67n covering 25 percent of the modulation period 67p 
and an off-duty portion 67 f covering 75 percent of the 
modulation period 67p. The on-duty portion 67n of each 
modulation period 67p is often referred to as a "pulse" 
67n or the "pulse width" . Further, the percentage of 
the pulse 67n compared to the modulation period 67p is 
often referred to as "duty cycle." 
[0035] Figures 4B illustrates a half-duty modulation 
signal 67b. If the comparator 66 is configured to 
perform the count 63 < volume control value 65 
operation, and the volume control value 65 is set at 
16, then, as the counter 62 cycles through the numbers 
zero to 31, the comparator 66 compares the count 63 
against the volume control value 65 of 16. When the 
count 65 is less than 16 (that is when the count 63 is 
zero to 15) , the modulation signal 67 is on duty. The 
modulation signal 67 is off duty when the count 63 is 
equal to or greater than 15. As already discussed 
above, the count 63 cycles every 32 microseconds (one 
microsecond per count) . The count 63 is less than 16 
half of the modulation period 67p and equal to or 
greater than 16 the other half of the modulation period 
67p. Thus, the modulation signal 67 would be on duty 
half the time and off duty half of the time for each 



modulation signal 67a of Figure 4A. 



Referring to 
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modulation period 67p of 32 microseconds. This is 
illustrated as the half -duty modulation signal 67b. 
Referring to Figure 4B, the half-duty modulation signal 
67b has a 50 percent duty cycle. 

[0036] Figures 4C illustrates a three-quarter-duty 
modulation signal 67c. The three-quarter-duty 

modulation signal 67c is generated by configuring the 
comparator 66 to perform the count 63 < volume control 
value 65 operation, and setting the volume control 
value 65 is set at 24. Then, as the counter 63 cycles 
through the numbers zero to 31, the comparator 66 
compares the count 63 against the volume control value 
65 of 24. When the count 65 is less than 24 (that is 
when the count 63 is zero to 23) , the modulation signal 
67 is on duty. The modulation signal 67 is off duty 
when the count 63 is equal to or greater than 24. As 
already discussed above, the count 63 cycles every 32 
microseconds (one microsecond per count) . The count 63 
is less than 24 for 75 percent of the modulation period 
67p and equal to or greater than 24 for 25 percent of 
the modulation period 67p. Thus, the modulation signal 
would be on duty 75 percent the time and off duty 25 
percent of the time for each modulation period 67p of 
32 microseconds. This is illustrated as the three- 
quarter-duty modulation signal 67c. Referring to 
Figure 4C, the three-quarter-duty modulation signal 67c 
has a 75 percent duty cycle. 

[0037] Only three levels of duty are illustrated in 
Figures 4A through 4C; however, it is apparent that, 
using the five-bit counter 62 and a five-bit register 
64, the duty-level of the modulation signal 67 can be 
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set at 32 different levels depending on the possible 
values of the register 64. The modulation signal 67 is 
the count signal from the counter 62 modulated by the 
volume control signal 65 from the register 64. The 
modulation signal 67 is the modulated count signal. 
[003 8] Next, referring to Figures 2B and 3, the audio 
frequency square-wave signal 2 9 is modulated with the 
modulation signal 67. Figures 5A through 5C illustrate 
the modulation and filtering process. Referring to 
Figures 2B, 3, and 5A through 5C, the audio frequency 
square-wave signal generator 22 and the comparator 66 
are connected to an AND logic gate 68. The AND gate 68 
performs a logical AND operation on its two input 
signals - here, its two input signals are the audio 
frequency square-wave signal 29 illustrated in Figure 3 
and modulation signal 67. For example, the half -duty 
modulation signal 67b of Figure 4B is reproduced in 
Figure 5A having a time scale matching that of Figure 
3 . Only one of these pulses 67n is thus labeled in 
Figure 5A to avoid clutter. For the sample audio 
frequency of two KHz, the audio frequency period 2 9p is 
0.5 milliseconds (ms) . For each audio frequency period 
2 9p of 0.5 ms, 16 pulses of the modulation signal 67 
are coincident. 

[0039] The AND gate 68 modulates the audio frequency 
square-wave signal 29 with the modulation signal 67b 
(in the illustrated example) to produce a modulated 
audio frequency square-wave signal 69 illustrated in 
Figure 5B . The AND gate operates such that, at any one 
time, the modulated audio frequency square-wave signal 
6 9 is on only when both the audio frequency square -wave 
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signal 2 9 and the modulation signal 67b are on. 

[0040] Accordingly, during the "on" portions 29n of the 
audio frequency square-wave signal 29, a plurality of 
pulses 67n (from the modulation signal 67) are produced 
in the modulated audio frequency square-wave signal 69. 
Conversely, the during the "off" portions 2 9f of the 
audio frequency square -wave signal 2 9 the modulated 
audio frequency square-wave signal 69 is also "off." 
For the illustrated example, during each of the "on" 
portions 29n of the audio frequency square-wave signal 
29, eight pulses 67n from the modulation signal 67b are 
coincident. Only one of these pulses 67n is thus 
labeled in Figure 5B to avoid clutter. 

[0041] Again, for convenience, the same reference number 
69 is used to refer to output pin 69 of the AND gate 68 
as well as the modulated audio frequency square -wave 
signal 69 carried by the output pin 69. 

[0042] The modulated audio frequency square-wave signal 
69 leaves the ASIC 60 via a single output pin 69 to the 
amplifier subsystem 80. At the amplifier subsystem 80, 
the modulated audio frequency square-wave signal 69 is 
filtered by a resistor-capacitor (RC) filter 32 to 
minimize or remove higher order (higher than the 
fundamental audio frequency) frequency components 
resulting in a filtered audio signal 81 illustrated in 
Figure 5C. The filtered audio signal 81 is then 
amplified by an amplifier 82, which, with the amplified 
signal, is connected to and drives the speaker 14 to 
produce the sound. In the present example, the 
amplifier 82 can be a simple fixed gain amplifier 
similar or even identical in design to the fixed gain 
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amplifier 36 of Figure IB. 

[0043] The filtered audio signal 81 has an audio 
frequency period 2 9p that is same as the audio 
frequency period 2 9p of the audio frequency square-wave 
signal 2 9 generated by the audio square-wave signal 
generator 22. The filtered audio signal 81 has 
amplitude 83 that depends on the width of the pulses 
67n that constitute the modulated audio frequency 
square-wave signal 69. This is because the RC filter 
32 operates to integrate, or sum, the power of each of 
the pulses. This is known in the art. Further, the 
amplitude 83 determines the volume of the sound 
produced at the speaker 14 . 

[0044] Consequently, the volume of the sound at the 
speaker 14 can be controlled by controlling the pulse 
width of the modulation signal 67. The pulse width of 
the modulation signal 67, in turn, can be controlled by 
the volume control value set at the register 64 . 

[0045] For the embodiment of the present example, if the 
volume control value is set at eight, then, the 
modulation signal 67 includes pulses having 25 percent 
duty cycle as discussed above and illustrated in Figure 
4A as the quarter-duty modulation signal 67a. When the 
audio frequency square-wave signal 2 9 of Figure 3 is 
modulated by the quarter-duty modulation signal 67a of 
Figure 4A, the resulting modulated audio frequency 
square-wave signal 69 includes pulses 67n having 25 
percent duty cycle as illustrated as modulated audio 
frequency square-wave signal 69q of Figure 6A. Here, 
the pulses 67n are narrower than the pulses 67n of the 
half-duty modulation signal 67b of Figures 4B, 5A, and 
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5B. When the modulated audio frequency square-wave 
signal 69q is filtered by the RC filter 32 of Figure 
2B, resulting filtered audio signal 81q of Figure 6B 
has smaller amplitude 83q compared to the amplitude 83 
of Figure 5C. The smaller amplitude 83q results in 
lower volume of the sound produced at the speaker 14 of 
Figure 3 . 

[0046] Alternatively, for the embodiment of the present 
example, if the volume control value is set at 24, 
then, the modulation signal 67 includes pulses having 
75 percent duty cycle as discussed above and 
illustrated in Figure 4C as the three -quarter -duty 
modulation signal 67c. When the audio frequency 
square -wave signal 2 9 of Figure 3 is modulated by the 
three-quarter-duty modulation signal 67c of Figure 4C, 
the resulting modulated audio frequency square -wave 
signal 69 includes pulses 67n having 75 percent duty 
cycle as illustrated as modulated audio frequency 
square -wave signal 69t of Figure 7A. Here, the pulses 
67n are wider than the pulses 67n of the half-duty 
modulation signal 67b of Figures 4B, 5A, and 5B . When 
the modulated audio frequency square -wave signal 69t is 
filtered by the RC filter 32 of Figure 2B, resulting 
filtered audio signal 81t of Figure 7B has larger 
amplitude 83t compared to the amplitude 83 of Figure 
5C. The larger amplitude 83t results in greater volume 
of the sound produced at the speaker 14 of Figure 3 . 

[0047] Referring again to Figure 2B, the ASIC 60 can also 
include an enable switch 70 connected to the AND gate 
68 to send enable signal 71 to the AND gate 68. The 
enable signal 71 can be used to disable, or turn off, 
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the AND gate thereby preventing generation of any sound 
at the speaker 14. Alternatively, the register 64 can 
be set to zero value to cause the AND gate to produce a 
flat modulated audio frequency square-wave signal 69 to 
prevent generation of sounds by the speaker 14. 
[0048] From the foregoing, it will be appreciated that 
the present invention is novel and offers advantages 
over the current art. Although a specific embodiment 
of the invention is described and illustrated above, 
the invention is not to be limited to the specific 
forms or arrangements of parts so described and 
illustrated. The invention is limited by the claims 
that follow. Only those claims specifically reciting 
"means for" or "step for" should be construed in the 
manner required under the sixth paragraph of 3 5 U.S.C. 
section 112 . 
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